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RESEARCH MEMORANDUM

EXPERIMENTAT, INVESTIGATION OF A HIGH SUBSONIC MACH NUMBER TURBINE
HAVING LOW ROTOR SUCTION-SURFACE DIFFUSION

By Cavour H. Hauser and Williem J. Nusbaum

SUMMARY

As part of a program to establish limits for the aerodynamic design
raremeters of the turbine component for advanced supersonic alrcraft, a
number of experimental turbines are currently being investigated. The
cold-ailr turbine investigated herein was designed for a high weight flow
per unit frontal area, a high specific work output, and a rotor hub inlet
relative critical velocity ratio of 0.82.

The performance of the turbine was determined over a range of oper-
ating conditions. At the equivalent design blade speed and work output,
the brake internal efficiency based on the actual total-pressure ratio
was 0.875, which 1s almost as high as those obtained 1n conservatively
designed turbines. In running the turbine at the point of limiting blade
loading for the rotor and equivalent design blade speed, the efficiency
dropped 0.05 from that obtained at the design point. Thils increase in
loss was apparently caused by the shock waves and attendant boundary-
layer losses on the portion of the rotor blade suction surface downstream
of the channel exit. The calculated ratlo of effectlve rotor blade mo-
mentum thickness to mean camber length of 0.0104 at the design opersting
point agrees reasonsbly well with the results of previous work on other
turbines.

INTRODUCTION

The turbine component suitable for use in the power plant of an
advanced supersonic alrcraft should have a high specific work output per
stage and high mass flow per unit frontal area. These requirements
necesgsitate the use of high relative Mach numbers at the rotor entrance
and low hub-tip radius ratios without a sizesble reduction in turbine
efficiency from that obtainable with more conservative designs.

As part of a program to establish values of design parameters that
will result in high efflgiencies in turbines fbf*the previously described
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application, a number of experimental turbine design configurations have
been and are currently being investigated at the NACA Lewis laboratory.
In reference 1, for example, a turbine designed for conservative veloci-
ties through the blade rows 1s shown to have a design-point efficilency
of 0.88. This turbine was designed for a hib-tip radius ratio of 0.60,
giving a relatively high value of weight flow per unit frontal area. The
rotor hub inlet critical velocity ratlo was only 0.6, however, thus lim-
iting the work output to relatively low values.

Efficiencies as high as 0.87 may be obtained in turbines designed
for much higher velocity levels, as shown iIn references 2 to 4. These
turbines were designed for a rotor hub inlet relative critical velocity
ratio of 1.0 and a hub-tip radius ratio of 0.70. Thus, while the work
output of thils turbine is conslderably higher than the conservatively
designed turbine of reference 1, the efficliency is slightly lower and the
weight-flow capacity is reduced. '

In consideration of these results it was believed that high effi-
clency could be cobtalned in a single-stage turbine with & rotor hub inlet
relative critlcal velocity ratio of about 0.8. This increase 1n inlet
relative critical velocity ratic over that in reference 1 results in an
incresse in specific work output for a given rotative speed. If a hub-
tip radius ratio of 0.60 1s used, the weight flow per unit frontal area
is sbout the same as that for the turbine of referemnce 1. Thus, with a
high weight flow per unit frontal area and a high efficiency at high
specific work output, the proposed turbine should be particularly well
sulted for use in the power plant of an advanced supersonlic aircraft.

/ The present investigation presents the aerodynamic blade design _%
method and the performance characteristics of the first of a series of
i turbines designed according to the previously stated specifications.

|

In the present rotor blade design, the diffusion of the suction-
surface velocity is held to comparatively conservative limits. The
suctlon-surface diffusion parameter is held to zerc at the hub and 1s
small at other radii. In the design of the rotor bhlade passage, radial
equilibrium of the flow was maintained by assuming a free-vortex condi-
tion along radial elements through the mean streamlines. The quasi-
three-dimensional design procedure used for the stator blades is pre-
sented herein. : C '

The turbine performance was obtained over a range of speed from 60
to 110 percent of design rotative speed and actusl total-pressure ratios
from 1.3 to the limiting-loading condition (about 2.2). The inlet tem-
perature and pressure were nominally 80° F and 24.6 pounds per square
inch absolute, respectively.

R0 QG
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TURBINE DESIGN
Requirements

It was desired to design a turbine having high weight flow per unit
frontal area and high work output while at the same time malntaining good
aerodynamic blading efficlency.

The cold-air turbine used in this investigation is 14 inches in di-
ameter and has a constant hub-tip radius ratio of 0.60. The over-all de-
sign requirements, which were chosen for application of the turbine in
the power plant of an advanced supersonlc aircraft, are as follows:

Equivalent specific work output, Ah'ﬁ@cr, Btu/lb e« e s s« « o o 20.80
Equivalent weight flow, weA/€_./8, 1bfsec . . . . . . . . . . . . 16.10
Equivelent blade tip speed, Uy/N/@.., ftfsec . . . . . . . . . . . . 720

(A1l symbols are defined in appendix A.)

Velocity Diagrams

The design velocity diagrams at the free-stream stations 1, 3, and
5 were determined on the basis of the following assumptions:

(1) Free-vortex flow
(2) Simplified radial equilibrium

(3) Stator over-all total-pressure ratio p%/pi of 0.98

(4) Over-all adiabatic efficiency design value of 0.90

These velocity diasgrems together with those calculated for statlions 2
and 4 (just upstream of the blade trailing edge in the stator and rotor,
respectively) are presented in figure 1.

These diagrems show that, because of the relstively low radius ratio
(0.60) and because of the free-vortex design, a rather wide variation
occurs in the flow conditions from hub to tip in both the stator and
rotor. For example, the critlical velocity ratio V/éér at the stator

exit (station 3) varies from a supersonic value (1.146) at the hub to
0.775 at the tip section. The air-turning angle through the rotor

BE - Bg varies from 95° at the hub to 41.29 at the tip section. The
relative inlet-air angle Bz varies from 54.8° at the hub to -9.4° at
the tip. Thus, there is considersble twist required in the rotor blade
from hub to tip sections.
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At the hub of the rotor, the relative inlet critical velocity ratio
(W/agr)s is 0.824, and the free-stream value at the exit (W/agr)s is

0.888, indicating & slight positive reaction acrosg the rotor (fig. 1(a)).

The energy loss csused by the whirl component of the absclute ve-
locity at the rotor exit (station 5), mass-averaged over the blade
height, amounts to 0.8 percent of the design work output.

Velocity diagrams at stations 2 and 4, Just upstream of the stator
and rotor blade trailing edges, respectively, were calculated in a manner
similar to that described in reference 2. Between stations 2 and 3 in
the stator and also between stations 4 and 5 in the rotor it was assumed
that no change occurred in the tangential velocity component. A stator-
outlet to -inlet total-pressure ratlo pé/pi of 0.99 was assumed, and

zero pressure loss was assumed between statlons 4 and S in the rotor.
Thus, the velocity disgrams at stations 2 and 4 can be determined on the
basis of continuity and trailing-edge blockage factors, which can be
calculated from the number of blades, the flow angle downstream of the
trailing edge, and the trailing-edge thickness for each blade row.

The relative velocities at the rotor exit (station 4) approach the
limiting-loading corndition quite closely. The maximum attainable relsative
tangential velocity component Wh/agr for a blade with a straight suc-

tion surface downstream of the throat and with a given exit flow angle
(measured from the tangential direction) is given in figure 3 of refer-
ence 5. Although the rotor blades were designed with some curvature
downstream of the throat, a close approximation of the limiting-loading
condition is obtained by using the relative flow angle B, in reading
this figure. This process indicates that at the design condition the
tip section of the rotor blade is at the limiting-loading condition,
while the mean and hub sections aepproach this condition c¢losely. Also,
the relatively high blockage causes the rotor to be choked at station 4,
with critical velocity ratios ranging from 0.996 at the hub to 1.094 at
the tip section (figs. 1(a) and (c), respectively).

Stator Blade Deésign

In the design of stator blades, obtaining minimum blade viscous
losses is desired. For a given blade helght, thls can be accomplished
by optimizing the solidity and the number of blades using the procedure
of reference 6 as outlined in the next section.

It was assumed that simplified redial equilibrium exists along radial
elements at each axial station through the blade passage. The total-
pressure drop between stations 1 and 2 is assumed to occur linearly in
the axial direction.

[
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Procedure. - In general, the three-dimensional blade design procedure
of references 2 and 7 was used in designing the stator blades. The design
procedure is outlined herein, however, because there are some differences
between the method used for the subject stator blades and those of the
references:

(1) The solidity at the mean blade section was selected using the
criteris of reference 8 which are shown by reference 6 to give values
close to the optimum solidity. As shown in reference 6, the effect of
varying the number of blades on the blade viscous loss is almost negli-
gible in the range of the optimum number of blades; therefore, considering
the trailing-edge blockage required, the number of blades was selected to
be slightly less than the optimum number indicated in the reference. The
axial chord ,at the mean blade section was then estimsted from the solidity
and an estimated value of the blade-chord angle v°.

(2) In an attempt to obtain constant blade loading from the hub to
the tip blade sections, the axial chords at the hub, mean, and tip redial
stations were calculated by the method presented in appendix B.

(3) A blade shape was first approximated as follows:

(a) For the hub, mean, and tip radial stations, a straight
suction surface was drawn from the throat to the trailling edge at
angles “2,h! az’m, and ag,t, respectively. The procedure for

calculating these angles is presented in appendix C.

(b) The first approximate profiles were then laid out so that
the larger portion of the turning takes place near the blade
leading edges where the flow has low momentum. Positions of ve-
locity potential lines and mldchannel stireamlines were estimated.

(4) At each section a suction-surface velocity equal to the blade-
outlet velocity was assumed along the entire length of the suction sur-
face, and the pressure~surface velocity distributions were then calculated
by the simplified stream-filament method found in reference 9.

(5) By using the velocity distribution of step (4), the circulation
around each section was calculated by numerical integration of the line
integral of the surface velocity around the blade. The blade suction
surface was then modified until the circulation satisfied the relation

I =s(Vyq - Vy,2) (1)

(6) The midchannel streamline velocity distributiorn at the hub was
adjusted to give a smooth variation in velocity from the entrance to the
exit of the channel. This velocity distribution was then used to re-
calculate surface velocitiles.
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(7) The surface velocities obtained in step (6) were used to recal-
culate and check the circulation around the hub section as in step (5).
A check was also made to see that the value of the diffusion parameter
on the suction surface Dy <did not exceed an assigned value of 0.25.

(8) Velocity potential lines were relocated in order to satisfy
irrotationality of the flow. The position of the mean streamline was
calculated so that equal amounts of gas would pass on either side as
discussed in appendix B of reference 9.

(9) By using the method given in appendix B of reference 7 and the
mean-streamline velocity distribution at the hub from step (6), the blade
shape was analyzed to obtain the mean-streamline velocity distribution
at the mean and tip sections that must exist in order to satisfy
simplified-radial-equilibrium conditions.

(10) The mean-streamline velocity distributions obtained in step (9)
were then used to recompute the surface veloclities at the mean and tip

sections.

(11) with the surface velocitlies determined at the three blade sec-
tions, the weight flow was calculated at each axial station using the
method given in appendlix B of reference 7.

(12) If the results of step (11) indicated that the blade would not
pass the design welght flow, then either the blade shape was changed or
a different velocity distribution was assumed at the hub sectlion. Steps
(6) to (11) were then repeated.

(13) steps (7) and (8), which apply to the hub section, were repeated
for the mean and tip sections.

(14) Finelly, using the calculated mean streamline positions at the
mean and tip sectlons, steps (9) to (12) were repeated until a final
satlsfactory blade was evolved.

The resulting stator blade-section profiles obtalned in these steps
are shown in figure Z. The coordinates of each of these blade sections
are given in table I(a). Figure 3 is a photograph of half the stator
casing with the blades in place.

In order to obtain the final blade shape, the stator blade profiles
for the hub, mean, and tip sections were stacked so that the midpoints
of the potential lines across the channel exits at the three sections
were on a radial line. .

. 8008 | |
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The blade sections as designed with the previously described method
actuslly described the profiles of the cylindrical cross sections of the
blade. The method used for obtaining coordinates for flat templates from
the design blade sectlons is discussed in eppendix C of reference 7.

Discussion. - As stated previously and as shown in figure 2, the
a.zial chord of the stator varies considerably from hub to tlp, the chord
at the hub being only about one-third of that at the tip. Thirty stator
blades were used having values of solidity of 1.3, 1.5, and 1.6 for the
hub, mean, and tip sections, respectively. 1In an attempt to obtain con-
stant blade loading over the blade height, the method of appendix B holds
constant the degree to which the design blade locading at each radial
station approaches an "ideal" blade loading for which the exit static pres-
sure is effective over the entire blade suctlion surface while the inlet
total pressure is effective over the pressure surface.

The design velocity distributions on the mean streamline and the
blade surfaces at the hub, mean, and tip sections are shown 1n figure 4.
If the areas enclosed by the velocity-distribution curves on the suction
and pressure surfaces at each of the three radial stations were similar
in shape, the pressure- and suction-surface diffusion parameters would be
nearly equal at the three stations. However, the final velocity distribu-
tions obtained do not satisfy this criterion. The velocity on the pres-
sure surface is less than the inlet value for about 60 percent of the
surface length at the tip section, whereas the flow accelerates from the
leading edge at the hub. As a resuli, the diffusion on the suction sur-
Paces increases markedly from the tip to the hub section in order to
obtain the required turning of the flow for the chosen solidity at each
radius. The suction~surface diffusion perameters at the hub, mean, and
tip sections are 0.26, 0.18, and 0.10, respectively (table II). These
values are considered satisfactory. In order to obtaln more nearly
constant diffusion over the blade height, however, there should be less
radial taper in the chord length from the tip to the hub sectlons.

Rotor Blade Design

Procedure. - A three-dimensional design procedure was used in ob~
taining the rotor blade profiles. The total-pressure drop between sta-
tions 3 and 4 was assumed to be linear in the axial direction. The
general procedure used in designing the two-dimensional blade profiles
at each radisl station is thet given in reference 10. The method reguires
boundary conditions consisting of one streamline with the velocity distri-
bution on that streamline. The blade pessage surfaces are then derived
through a step-by-step calculation process for obtaining an arbitrary
number of stream filaments, each carrying a specified portion of the
total maess flow. The channel boundary (blade surfaces) is the final two
outermost streamlines, which will carry the total blade passage mass
flow. - -



8 - Y NACA RM E56G25

The rotor blade design procedure is given 1n the following steps:

(1) The blade chord at the mean section was chosen arbltrarily. The
nunber of blades was then determined by applying the criterion of refer-
ence 8 (using a coefficlent of aerodynamic loading of 0.80) at the blade
mean sectlon.

(2) The weight-flow function /f(w) was computed for the hub, mean,
and tip sections from the velocity diagram calculatlions of stations 3
and 4. At each radius, a linear variation in this function was assumed
in the axial direction between these stations.

(3) At the mib station a suction surface was arbiltrarily assigned to
give the required total turning. About 8° of turning was assumed both
upstream and downstream of the guided channel. The veloclty distribution
was then assigned on this surface to give zero diffusion.

(4) The coordinates and the velocity distribution for the pressure
surface of the blade hub section were determined by applylng the method
of reference 10 in a series of four steps across the gulded-channel por-
tion of the blade. The method used assumes e vortex-type variation of
streamline curvature along the eguipotential lines. The curvatures of
the streamlines were determined by using the curvometer described in
appendix B of reference 4.

(5) The two surfaces of the channel designed in steps (3) and (4)
were falred to leading- and {tralling-edge circles having radii of 0.010
and 0.015 inch, respectively.

(6) The velocities on the blade surfaces were also computed using
the Cirect stream-filament method of reference 9.

(7) The circulation T around the blade was determined from a
graphical integration of the velocities calculated in step (6). The
vealue obteined was compared with that computed by the relation

I = S(Wu,s - u,4) (2)

The suction surface of the blade was then modified and steps (4) to (6)
repeated until equation (2) and the condition of zero suctlon-surface

diffusion were sstisfied.

(8) Using the mean streamline at the hub station and the calculated
velocity on this streamline, the shape of the blade profiles and the ve-
locity distribution for the mean streamlines at the mean and tip radial
stations were calculated using the free-vortex relatlons along radial
elements. The method used is presented in appendix D.

8005
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(9) The procedure followed in steps (3) to (7) in designing the hub
blade section was essentlally repeated for the design of the blade mean
and tip sections. The blade shapes were obtalned by comnstructing the
new streamlines in both directions from the mean streamlines calculated
in step (8).

(10) Finally, at each axial station through the guided passage and
in planes perpendicular to the turbine axis, the total weight flow was
integrated by the equation

Tt lg
W = np oW d1 dr (3)
™h 0

In this calculation & linear veriation in static pressure was assumed to
exist across the passage 1n a tangentisl direction from the suction to
the pressure surfaces at each statlon. This method of calculating the
welght flow is the same as that described in reference 3. Where the error
in the integrated weight flow was found to be greater than 1 percent of
the design value at any station, alteration of the profiles was required.

The resulting blade-section profiles obtained from these steps are
shown in figure 2, and the coordinates are given in table I{b). A photo-
graph of the rotor is shown in figure 5.

In order to obtain the final blade shape, the profiles for the hub,
mean, and tip sections were stacked so that the trailing edge of each
section was tangent to & radial plene and the centroid of each section
lay in a common radial-axial plane.

Discussion. - Fifty-eight blades were used in the rotor. The design
mean-streamiine and blade surface velocity distributions for the hub,
mean, and tip sections of the rotor blade are shown in figure 6. The
design requirement of low suction-surface diffusion has been well satis-
fied with diffusion parameters Dy equal to O, 0.08, and 0.12 at the
hub, mean, and tip sections, respectively (table II). In order to obtain
the required over-all blade loading with these low suction-surface 4if-
fusion parameters, slightly larger values of diffusion on the blade pres-
sure surface are required. The pressure-surface diffusion parameters

DP are 0.27, 0.12, and 0.06 at the hub, mean, and tip sections of the

rotor blade, respectively (table II). These values are conservative as
compared with some of the values for the transonlc turbines presented in
figure 9 of reference 4.

In the blade design method used, it is difficult to assign specific

values for the blade surface diffusion parameters over the blade height.
Once the blade profile and the velocity distribution at the hub section

L .
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nave been calculated, the blade profiles and velocities at the mean and
tip sections can be determined. However, experience has shown that for
reasonably assigned boundsry conditions the method gives satisfactory
blade profiles and dAiffusion parameters after several trial calculations.

APPARATUS AND PROCEDURE

The experimental equipment used in the present investigation is
basically the same as that described in reference 1. Figure 2 of ref-
erence 1 is a photograph of the turbine installation with the upper half
of' the caslng removed. A schemstic cross section of the installation
showing the various Ilnstrumentation stations used herein is presented in
figure 7. The stator blades were machined from mild steel, the rotor
blades from aluminum alloy, and all were hand-finished. The radisl tip
clearance of the rotor was 0.030 inch.

Instrumentation

The total conditions in the plenum chamber (station 0) were deter-

mined by four stasgnation-pregsure probes and four stagnation thermococuples.

The inlet static pressure was measured by averaging the readings from 12
taps, six on the inner and six on the outer wall of the anmulus gbout 1
inch upstream of the stator blade leading edges (station 1). The outlet
statlic pressure was measured 1n a similar manner using 12 taps at station
5, about 1.9 inches downstream of the rotor blade trailing edges. At
stations 1 and 5 the static taps were equally spaced around the annulus
in planes perpendicular to the turbine axis. The exit stagnation tem-
perature was obtained by averaging the readings from four stagnation
thermocouples located in the 18-inch-diameter exhaust duct (station 6),
where only small gradients in temperature exist. Heat-transfer calcula-
tions show & negligible change in temperature between stations 5 and 6.

Torque was measured with a commercial springless dynamometer scale.
Alr flow was measured with a submerged flat-plate orifice installed in

the 24-inch inlet duct to conform with the specifications in reference 11.

An electronlc events-per-unit-time meter was used to measure the turbine
rotative speed. Absolute rotor-exit flow angles were measured with a
total-pressure claw probe mounted in a self-alining actuator about 1.9
inches downstream of the rotor. Measurements of the flow angle were
transmitted to an X-Y recorder and plotted against the radial distance
traversed by the probe.

2.4 gles
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Experimental Procedure and Calculations

Over-all performance data were taken at nominal values of total-
pressure ratio pi/pé from 1.3 to the maximum obtalnable, while the

wheel speed was varied from 60 to 110 percent of equivalent design speed
in 5-percent intervals (approx. 7,200 to 13,250 rpm). The absolute inlet
pressure was set at 50 inches of mercury (24 6 lb/éq in. &bs), and the
temperature was about 80° F.

The turbine is rated on the basis of two different calculated over-
all total-pressure ratios. The axial total-pressure ratic is based on
the rotor-exit total pressure p; 57 which is the sum of the static pres-

3

sure plus the dynamic pressure corresponding to the axisl component of
the exit velocity Vk 5° The actual totel-pressure ratio is based on the
2

rotor-exit total pressure pé, which 1s the sum of the static pressure

plus the dynamic pressure corresponding to the absolute velocity at sta-
tion 5, Vg.

At the inlet and outlet of the turbine the total pressure is calcu-
lated from continuity comnsiderations. Usling measured values of weight
flow, inlet static pressure and total temperature, and annulus area, the
inlet total pressure may be obtained from the following equation, which
is a rearranged form of equation (2) of reference 12:

1 )2

WI\/-T— pi ‘T
P1han,1 T - 1 ( ) (51 -t (_4)

The outlet rating total pressure is calculated from the following
equation, which is a rearranged form of equation (3) of reference 12:

3 ¥-1 '}2\1/2
r-1 5,2\ |
wA/T} - ot \ T (?EL%> -1
6 _ orE <5,x> 1l 5 ? (5)
Psfan,s (r - 1)R P5 cos ag
- =,
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The outlet absolute total pressure is calculated from

2
-1 r1 Y2V
t 1
vA/Tg _ 2rg 2%\T N H 1
Pshgn,5 CO8 a5 (r - 1)R 5 Ps
(6)

The turbine efficiency was calculated by taking the ratio of the
actual work output obtained from messurements of weight flow, torque, and
turbine rotative speed to the ideal enthalpy drop calculated from the
messured inlet temperature and the ratic of inlet to outlet total pres-
sure as obtalned from the total pressures calculated in equations (4) to

(6).

RESULTS AND DISCUSSION

The over-all performance map for the subject turbine based on the
actual total-pressure ratio is presented in figure 8(a). The equlvalent
specific work Ah'ﬂ)cr is plotted against the weight-flow - mean-blade-

speed perameter swUm/B with the actual total-pressure ratio pi/pé,

percent equivalent deslgn blade speed, and the brske internsal rating
efficlency as parasmeters. At equivalent design specific work output and
equivalent design blade speed, the brake internal efficiency is 0.875,
and the weight flow is about 0.9 percent less than the design value. The
work output at the point of limiting blade loading and design blade speed
is 21.4 Btu per pound which is 4 percent greater than the design value.

A maximim efficiency of 0.883 occurs at equivalent design blade speed and
at a value of speciflc work ocutput about 4 percent less than design. The
efflciency is greater than 0.87 over a large portion of the performance
map.

The turbine over-all performance map based on the axlal total-
pressure ratio is presented in figure B(b). The brake internal rating
efficlency st equivalent deslgn blade speed and work output 1s 0.870,
indicating that about 1/2 point in turbine efficiency was lost in the
whirl veloclty component energy downstream of the rotor. This loss in
avallable work is comparsble to the predicted energy loss of 0.8 percent.

The variation of the static pressure on the annulus walls downstream
of the stator and rotor blades (stations 3 and 5) with the actual over-
all total-pressure ratio at equivalent design blade speed 1s presented
in figure 9(a). An average of hub and tip values of static pressure
downstreem of the rotor is used because the two values are very nearly
equal. The variation in weight flow is shown in figure 9(b). This

RN
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figure indicates that the rotor blades become choked at a pressure ratio
of about 2.1. At total-pressure ratios grester than this, the static
pressures at station 3 remaliln constant. A comparison of the static pres-
sures at the exit of the staltor hub with those at the rotor exit indicates
a slight static-pressure rise across the rotor blades at the hub even at
the point of design work output, although the design velocity diagrams
reguire a static-pressure drop across the rotor hub. This difference be-
tween the measured and the design condition may be partly due to 1lnaccurate
measurements of the static pressure at the hub exit of the stator blades.
The supersonic velocities in this region may exist in a pettern such that
the measured pressures are not typical of the averasge flow conditions.

The rapid decreese in the pressure downstream of the rotor at total-
pressure ratios greater than 2.2 indicates the supersonic expansion that
precedes limiting blade loading.

The performance map based on the axlal totel-pressure ratio (fig.
8(b)) indicates that the efficiency drops off rapidly as limiting blade
loading is approached in the robtor at design blede speed. The supersonic
velocities and the attendant shock losses on the downstream portion of
the rotor blade suction surface apparently cause high losses. The rating
efficiency drops 5 points from 0.87 to 0.82 as the pressure ratio is in-
creased from the condition of deaign work output to the point of maximm
blade loading.

The effective rotor blade momentum thickness was calculated with the
method presented in reference 13. In order to compere the value of the
ratio of effective rotor blade momentum thlckness to mean camber length
§£ot/z for the subJject turbine with the values for the six transonic tur-

bines presented in reference 13, a slight correction for Reynolds number
was made using equation (5) of reference 6. The Reynolds number for the
six transonic turbines was used as the reference value. The resulting

value of §£ot/1 of 0.0104, when plotted with the averege design total

diffusion parameter of 0.2l as shown in figure 10, agrees reasonsgbly well
with the data for the six transonic turbines.

SUMMARY OF RESULTS

The design and performance of a turbine having high weight flow per .
unit frontal area and high specific work output are presented. The sub-
Ject turbine had a high relative inlet blade Mach number at the rotor hub
end was desligned for low diffusion on both the suction and pressure sur- ~
faces of the rotor blades. The following results were obtained over a
range of operating conditions: i

1. The brake internal efficiency based on the actual total-pressure
ratio at the equivalent design blade speed and specific work output was
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0.875, which is almost as high as that obtained for conservatively de-
signed turbines. The efficiency based on the axial total-pressure ratioc

at this point wae 0.870.

2. By running the turbine at the point of limiting rotor blade
loading and equivalent design blade speed, a work ocutput 4 percent greater
than the design value was obtained, but the over-all efficiency was 0.05
lower than at the design point. This increasse 1n losgs was apparently
caused by the shock waves and attendant boundary-layer losses on the por-
tlon of the rotor blade suction surface downstream of the channel exit.

3. The calculated value of the ratio of effective rotor blade momen-
tum thickness to mean camber length of 0.0104 agrees reasonably well with
the values previously obtained for transonic turbines.

Lewis Flight Propulsion ILaboratory
Natlonal Advisory Committee for Aeronautics
Clevelsnd, Ohlo, July 27, 1956
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APPENDIX A .

SYMBOLS

annular asrea, sq £t
critical velocity of sound, ft/sec

chord length, ft
specific heat at constant pressure, Btu/Ib-OR

bressure-surface diffusion parameter,

blade inlet relative velocity - minimum blade surface relative velocity
blaede inlet relative velocity

suction-surface diffusion parameter,

maxirmum blade surface relatlve velocity - blade outlet relative velocity

meximm blade surface relative velocity

sum of suction- and pressure-surface diffusion parameters, D, + D

D s

W
welght-flow pasrameter, —m——————
ig 2 o " fz_Tll'g % cp J

acceleration due to gravity, 32.17 f'b/sec2

P42

specific work output, Btu/lb

mechanical equivalent of heat, 778.2 ft-1b/Btu
proportionality factor im eq. (Bl)

length of mean camber line, Tt

distance from suction to pressure surface along & line in a
tangential direction, ft

nunmber of rotor blades

number of stator blades

absolute pressure, lb/sq £t
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gas constant, 53.35 £t-1b/(1b)(°R)

radius, £t

blade spacing, ft

absolute temperature, °R

trailing-edge thickness, ft

blade velocity, ft/sec

sbsolute gas velocity, ft/sec

relative gas veloclty, f£t/sec

weight flow, 1b/sec

absolute gas-flow angle measured from axial direction
relative gas-flow angle measured from axial direction
circulation, sq ft/sec

ratio of specific heats

blade~chord angle, angle between blade chord and axial direction
deg .

ratio of inlet-sir total pressure to NACA standard sea-level
pressure of 2116 1b/sq ft, pi/p*

r+1) L

function of v, If 2
T r¥*
T¥E1 T*-1

2

brake internal efficiency defined as ratio of turbine work
(based on torque, weight flow, and speed measurements ) to ideal
work (based on inlet total temperature, end inlet and outlet
total pressure, both defined as sum of static pressure and pres-
sure corresponding to gas velocity)

8008
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Nx

cr

tot

8]

brake internal rating efficiency defined as ratio of turbine work
(based on torgue, weight flow, and speed measurements)} to ideal
work (based on inlet total temperature, and inlet and outlet
total pressure, both defined as sum of static pressure and Pres-
sure corresponding to axial component of velocity)

squared ratio of critical velocity at turbine inlet to critical
- t * \2
velocity at NACA standard sea-level temperature (abr,llacr)

effectlve rotor blade momentum thickness based on turbine over-all
performance, f£f

gas density, 1b/cu ft

Subscripts:

h

hub

mean

any radius

tip

total

tangential

axial

station in plenum chanber (see fig. 7)
station upstream of stator

station at trailing edge of stator
station at free-stream condition between stator and rotor
station at tralling edge of rotor
station downstream of rotor

station in 18-inch-diameter exhaust duct (see fig. 7)
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Superscripts:
3 NACA standard conditions

stagnation state

relative stagnation state

NACA RM E56G25
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APPENDIX B

CATCULATION OF STATOR AXTAT. CHORD TO APPROXIMATE CONSTANT
BLADE LOADING OVER BLADE HEIGHT

In order to reduce the blade surface boundary-layer losses by re-
ducing the blade surface ares and still control the diffusion on the
blade surfaces, an attempt was made to design the stator with constant
blade loading over the blade height. In order to approximate the rela-
tive values of axial chord length at hub, mean, and tip sections, a
blade-loading criterion similar to that developed in reference 8 was
used. It was desired to hold constant the ratio of the design blade
loading to that obtained when the exit static pressure p; 1is effective
over the entire blade suction surface while the inlet total pressure is
effective over the pressure surface. Thus, in the momentum equation for

the stator
PVx Vu Cx,r
(;T) Sr (a— =K (=% )P~ P (81)
cr/z2,r Cr/a,r P2%cr,2

the proportionality factor K 1is held constant over the blade height.
The ratio of the axiasl chord at any radius can then be related to that at
the mean section by the equation

r\p'al as
b &cr 2,r \CT/ 2 »

1 - Egiﬁ
CX r pi
c = = v (BZ)
m tg! T
pta a
cr Z,m cr 2)2
L - m
P
1

For free-vortex-velocity conditions,

r\—r = constant
8
cr/r
v
<}$;) = constant
Scr/y

SR
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Subetituting these relations into equation (B2) gives

b
), (-2
cx,r \P /2,r Py

%, m (p_p'_)z,m ( ] _p%f:> (B3)

Having set the chord at the mean blade section, the chord lengthe at the
hub and tip sections are calculated from equation (B3).

nnAan
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APPENDIX C

CALCULATIOR OF STATOR-EXIT ANGLE ap

The angle do at the stator tralling edge was calculated using the
following assumptions:

(1) No change in the tangential component of velocity occurs between
stations 2 and 3.

(2) The trailing edge lies in a radial plane.
(3) Axisymmetric flow exists.

(4) The conditions of simplified radisl equilibrium are satisfied
at stations 2 and 3.

(5) Free-vortex flow exits from hub to tip at station 3.

(6) A total-pressure ratio pi/pd of 0.99 is assumed.

From assumptions (1) and (5), the tangential critical velocity ratio
(Vﬁ/ﬁér)z at station 2 was determined at each radius from the design

velocity diagrams. However, in order to satisfy the requirements of
both simplified radial equilibrium and continuity, an iterative proce-
dure had to be used to find the aebsolute velocity V, and the angle as.

With an assumed value of @5, at the hub section, values of ap were

found at eight other egually spaced radisl stations by numerical integra-
tion of the following equation, which expresses the condition of simpli-
fied radial equilibrium (eq. (B3), ref. 7):

r
8 inzmz T

T
Vu,h sin *2,r C e Th (c1)
gin Cﬁrz’h Vu,r

dar

For these calculated values of angle and velocity, the weight flow w
was calculated from the equation

I
t

w = ng (pVy),, (s - Ef@) ar (c2)
h
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The final distribution of «, was obtained through an iterative

process such that the weight flow calculated in equation (C2) agreed with
the design value within one-tenth of 1 percent. .

80Ng
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APPENDIX D

CAICULATION OF MEAN STREAML.INES IR ROTOR BLADE PASSAGE
SATISFYING FREE-VORTEX CONDITIONS

With a given blade profile at the hub radial statlon and an assumed
velocity distribution on the mean streamline at that station, the mean
streamlines and corresponding velocity distributions were calculated st
the mean and tip stations in a manner such that free-vortex conditions
were satisfied along radial elements.

Using values of the blade speed (U/aér)3,r and the tangential
critical velocity ratio (Vﬁ/aér)E,r from the veloclty dlagrams, the

ratio of relative critical velocity to absolute critical velocity was
calculated at each radial station from the relation

aﬂ _ A—Lv
B\ R [, @, o
er/3,r Ccr/3,r Ber 3,r Ben 3,r

With the assumed values of critical velocity ratio (W/agr)h and flow

angle Bh at each of 11 axial stations at the hub, the followlng proce-
dure was used:

{1) The axial and itangential components of critical velocity ratio
at each axisl station on the hub mean streasmline were calculated with
the following relations:

Ge@E. -
crin erfh \"cr/3,h
(W) sin By (D3)
h

Y (LY o

(aél‘)h B (ac':r)h ° Bh (M)
(VL) =(W‘3) + (a‘.’) (Ds)
&cr/y, &cr/y, e/ n

o
G
e
(=g
I
i
0=
H
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(2) Then, at the mean and tip stations along radial lines at each
of the axial stations through the rotor, the tangential and axial compo-
nents of the critical velocity ratio along the mean streamlines were
calculated from the free-vortex relations

V. rh V.
Ge). - @),
Wu _ vﬁ _ U
(aer)r § (aer)r (aer)s,r (o7)
W. W.
(%), - 65, o9

(3) The critical velocity ratios and flow angles on the mean stream-
lines relatlive to the rotor were determined et the mean and tip radisal
stations at each of the 11 axial stations from the followlng relations:

W. W. aé
cr/ . cr/y \%er/z »
W W. al
( X ) = |+ (—n—cr) (D10)
8cp r Scr r Ber 3,r

(D11)

™
H

|

ot

m

[a]
R
~5---.-/"

H
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TABLE I. - BLADE-SECTION COORDINATES

(a) Stator

R = 0.0075 \_
Parallel

to axis
of
rotation

R = 0,0075
Hub Mesn Tip
10 = 54.7° YO = 46.4° r° = 40.0°
r/ry = 0.60 r/ry = 0.80 r/ry = 1.00

X, in. Yys in. Yy in. Y30 in. 1, in. Yy in. ¥y, in.

0 0.0075 (0.0075 [0.0075 | 0.0075 [0.0075 |0.0Q075
.10 114 -045 .100 .051 094 .053
.20 .168 .080 .174 .103 .163 107
30 .185 102 .226 <143 .223 .154
40 | .172 -113 .261 .170 270 .191
.50 .152 112 .280 .187 | .307 | .221
.80 131 -100 .283 -198 .335 .241
.70 .112 .084 273 .200 .352 .254
.80 .091 -066 .255 196 -361 260
.90 071 .0489 .232 .183 -360 261

1.00 051 .029 .208 1865 - 549 .255

1.10 .030 .01 .184 .146 .333 .246
1.179 | .0075 | .0075 | wee- SRR I —
1.20 | ;memm | ;oo .160 .125 .310 .233
1.30 | —emorm | ;e .138 .103 .283 .217
140 | mmmem | mmeee 111 .081 .257 .198
1.490 | ~immm | cmeee SN B SR R
1.50 | mmmee | a;cee .086 .060 .231 .177
1.60 | —mmee | —mmee .082 .038 .206 .155
1.70 | mooom | oameee .037 .017 .179 .133
1.789 | —ceee | e 00751 .0075 | -=-~- —
180 | mmemm | mmme | mmmm | e .152 112
1.90 | mcmom | mmeme | mmmem | meen .126 .091
2.00 | ;mmem | memee | mmmee e | .100 .068
2.069 | mmmem | mmemm | emeeo | —eeo ——— | e
2.20 | cmmmm | mmmme | ocmmen | oo .074 .046
2.20 | mmmem | mmaem }ommeme | ameee .048 .025
2.30 | —mmee | mmee- S B .022 008
2.335 | mmmmm J e o oL 0075 | .

0075

8008
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TABLE I. - Concluded. BLADE-SECTTON COORDINATES
(b} Rotor
Parallel
to axis
R = 0,015 of
! rotation
Hub Mean Tip
T° = -8.6° 70 = 15.4° r° = 32.1°
r/r, = 0.60 r/r, = 0.80 r/r, = 1.00

X, in. ¥, in. Yys in. y1,5 in. Yy in. y1, in. Yus in.
¢ 0.010 0.010 ¢.010 0.010 0.010 0.010
.025 .010 .038 .007 043 .002 .039
.100 073 .108 .046 .123 .0lza .101
.200 .142 .le8 .090 .209 .025 .159
.300 .195 277 125 .269 037 .194
400 .236 .340 .150 .304 .048 .213
.500 «263 .384 .167 .317 .059 .221
.600 277 .406 174 311 .070 .219
.700 .276 .408 .170 .293 076 .211
.800 .263 .389 .157 -263 .080 .188
.200 .235 .349 .138 .227 .079 .182
1.000 .190 -289 d12 .185 073 .163
1.100 .130 .209 .079 «139 .063 . 141
1.200 .057 .117 .042 .089 .049 .115
1.270 .001L .044 —— ——— ——— ———
1.285 — — .007 .044 —— ———
1.290L | .015 | .015 | oo | cmmm | emmm | e
1.300 —— c——— ———— ] eeem- .033 .088
1.320 -——- —_— .015 015 —-—-- _—
1.400 ——— —— —— — .016 056
1.475 —— — —— — .001 .033
1.498 _— — —— —— .015 .015
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TABLE II. - SURFACE DIFFUSION PARAMETERS FOR
STATOR AND ROTOR BLADES
Blade Section | Blade surface diffusion
parameters
Suction | Pressure | Total,
surface, | surface, .Dtot
D D
8 b
Stator Hub 0.28 0 0.286
Mean .18 07 .25
Tip .10 .29 .32
Rotor Hub 0] 0.27 0.27
Mean .06 .12 .18
CTip .12 .06 .18

800S
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(a) Hub; r/ry, 0.60.

Station
——————— 1
Stator
2— — —_—— T — T —— —_— X
Botatlon . Rotor
be— - — == _5

u
T = 0.6819
(cr)s

(b} Mean; r/ry, 0.80.

Figure 1. - Turbine velccity diagrams.

{c) Tip; r/ry, 1.00.
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Figure 2.- Stator apd rotor blede passages and profiles.
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Critical velocity ratlo, V/a,,
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Figure 4, - Design stator mean streamline and surface
veloelity distributions at hub, mean, and tip sections
as function of percent aver-all length.
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Figure 5. - Turbine rotor.
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Relative critical velocity ratio, W/ag,
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(c) Hub.

Figure 6. - Design rotor midchannel and surface velocity

distributions at hub, mean, and tip sectlons as function
of axtal location.
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Figure 9. - Variation of static pressure behind stator and rotor and equivalent weight
flow with actual total-pressure ratic across turblne at design Bpeed.
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